57 Fe isotope-enriched iron phthalocyanine has been synthesized and studied by the Mössbauer spectroscopy in the temperature range 100-350 K. The intermediate Fe oxidation states have been observed and it has been found that the rate of charge redistribution is temperature-dependent. The correlation between the temperature behaviour of the isomeric shift and quadrupole splitting has been demonstrated. The Fe oxidation states are associated with fluctuations of electron charges, electron-accepting and electron-donating properties of surrounding ligands. The energy barriers separating Fe oxidation states have been determined.
Introduction
Metal phthalocyanines are representatives of porphyrin molecules and are a family of aromatic macrocycles based on a delocalized two-dimensional π-electron system displaying a large number of unique properties. Phthalocyanines are highly stable, nontoxic materials having strong absorption in a visible spectral region, and because of quite high photoconductivity, they are promising materials to be used in optoelectronic devices [1] [2] [3] [4] . It is known that various kinds of metals can coordinate to the centre of their large aromatic rings and markedly change the properties of the molecule. Valence electron densities in coordination compounds under the influence of external and internal factors, even at the same chemical (atomic) shortrange order, may be distributed in different ways. The electron density distribution in molecular bonds predetermines electric, magnetic, and optical properties of organic material [5] [6] [7] [8] . Iron phthalocyanine attracted attention as a test molecule close to the iron (haem) proteins because of their structural similarity [9, 10] . The expected iron oxidation number in such compounds is equal to 2, although the postulation of the particular value of this parameter based on an electronic structure of iron atoms is quite problematic. If there are electronaccepting ligands attached to the molecule macrocycle, Fe 3+ ions along with Fe 2+ ions are observed in Mössbauer spectra by their respective quadrupole doublets. Mössbauer spectroscopy easily identifies the iron oxidation number since the Mössbauer isomeric shift (δ) and quadrupole splitting (∆Q) values for Fe 2+ and Fe 3+ ions differ markedly [10, 11] . It is experimentally possible in iron phthalocyanines to study the electronic density redistribution between iron ions and surrounding nitrogen or other atoms and ligand rings. The principal aim is to establish whether there are stable ionization levels of iron ions and how their dynamic change takes place, how surrounding donor and acceptor centres affect the charge transfer in iron. This can be done using Mössbauer spectroscopy methods.
Materials and methods
The molecular structure of iron phthalocyanine is presented in Fig. 1 . 57 Fe phthalocyanine has been synthesized by a procedure described in [12] . X-ray diffractograms showed characteristic peaks of β-form crystals. Samples were free from nanoparticles of iron or traces of other magnetic phases. Mössbauer spectra were obtained with a conventional spectrometer in transmission geometry. All isomer shifts are given with respect to that of α-Fe. Spectra of samples were recorded in a special vacuum cryostat at 100-350 K. The typical Mössbauer spectra are presented in Fig. 2 .
Applying the macroatom model [13, 14] , we tried to evaluate the tendency of charge redistribution in the Fe-N system and the dependence of the arising isomeric shift on the properties of atoms:
where Φ * is the electron work function of Fe and N atoms; n w−z is the electronic density within the limits of Wigner-Seitz cells, P = −0.75; Q = 1.75 is a constant for all Fe alloys, and its dimension is such that δ values are reported in mm/s; C s N and (1 − C s Fe ) are surface concentrations of Fe and N atoms (S = V 2/3 ), V is the molar volume. The term P (Φ * N − Φ * Fe ) indicates the direction and amount of the transferred charge, the term (n N w−z − n Fe w−z )/n Fe w−z determines the s-d electron hybridization (covalency) contribution to δ. The ion volume mismatch correction can be expressed as follows:
where E are elastic moduli, ∂δ/∂lnV is a calibration constant (1.33 mm/s). The isomeric shift reflects the s electron density changes at the Fe nucleus. The δ value tells nothing directly about a 4s electron number in the atom since a portion of 4s electron charge is screened by 3d electrons. As direct quantum-mechanical calculations are rather complex, we will make use of the following quasiempirical expression to describe the relation between ∆n 3d , ∆n 4s , and ∆δ [13] :
where ∆δ is the change in the Mössbauer isomer shift caused by changes in the number of the 4s or 3d electrons in the Fe atom. The coupling constant for isomeric shift is −2.05 mm/s for one 4s electron and 1.25 mm/s for one 3d electron. The δ value is the smaller, the larger the s electron density at the nucleus is. The energy barriers can be assessed by employing the equilibrium population expression that is used in magnetic resonance theory [15] :
where n A and n B are relative populations of oxidation states, ∆E is an energy barrier separating corresponding oxidation states, k B is the Boltzmann constant, T is temperature. We can find the lifetimes of oxidation states by employing the Bloch equation solution describing the population of oxidation states [15] :
where n is the relative state population, n 0 is a total number of states, t is the state lifetime, τ N is the lifetime of the Mössbauer excited state (10 −7 s).
Results and discussion
Vibrations of molecules and their fragments can cause electronic density perturbations in organic molecular systems. The frequency of these processes is in the range 10 10 -10 13 s −1 and the Mössbauer spectra provide a picture of the time-averaged charge redistribution. At low temperatures (T ≤ 200 K), the Möss-bauer spectra (Fig. 2) can be approximated by three quadrupole doublets (I-III). Population probabilities of ion states at various temperatures are presented in Fig. 3 .
Let us assume that the chemical short-range order is the same for all iron ions and it is temperatureindependent, but the iron oxidation number may change as a result of fluctuations of valence electron charges. The charge fluctuations occur between Fe ions and nitrogen atoms in indole rings. The show-up of spectral lines of Fe 3+ ions suggests that electron-donating and electron-accepting properties of ligands can affect the central ion oxidation number. The separating energy barrier determines the lifetime of different oxidation states and it becomes more transparent with increasing temperature. The transition from Fe 2+ to Fe 3+ state takes place during the phonon-assisted activation process via the nitrogen ring.
According to the macroatom model [13, 14] , the δ value in the Fe-N system is 0.52 mm/s (Eqs. (1) and (3)). This value corresponds to electron population changes in Fe ion orbitals: the charge density probability drops in the 4s orbital, and that of the 3d orbital increases, by 0.21 and 0.007 of the elementary charge unit, respectively. The volume correction (Eq. (2)) is about −0.08 mm/s and it indicates that the Fe atom shell is being compressed by the surrounding nitrogen atoms. At the surface area ratio of iron atoms and surrounding nitrogen atoms of about 0.2-0.3, the δ values are 0.35-0.55 mm/s and are close to experimental ones.
The above-said implies the charge transfer tendency in metal phthalocyanines. As can be seen in Fig. 4 , δ and ∆Q for all iron ions increase with lowering temperature, though the quadrupole splitting of Fe 3+ ions behaves differently than that of Fe 2+ and Fe 2.5+ ions. ∆n 3d and ∆n 4s electron number alterations corresponding to experimental values of ∆δ at various temperatures are presented in Table 1 . Calculations were carried out using Eq. (3). In an attempt to separate contributions of ∆n 3d and ∆n 4s electron charges to alterations of the charge distribution, let us perform an analysis of experimental values of quadrupole splitting. The d electron density distribution is spherically symmetrical and creates no gradient of an electric field (EFG) as well as no quadrupole splitting in the nucleus. The main source of the EFG is uncompensated charges of 3d electrons. One uncompensated 3d electron charge can create the EFG of about 5·10 21 V/m 2 . The quadrupole moment of an excited iron nucleus is 0.28 barn (0.28·10 −28 m 2 ) and this field creates ∆Q of 12.6 mm/s. As can be seen in Fig. 4 , the ∆Q values are significantly lower, thus only a portion of 3d electron charge takes part in creating the EFG. Table 1 shows the portion of 3d electron charge participating in creating the EFG corresponding to observed ∆Q values. Having assessed ∆n 3d , we can easily find ∆n 4s as well. The data obtained suggest that thermal changes of hyperfine parameters require quite small changes in the electronic density.
Having reached the nitrogen ring, the charge fluctuations can also be transferred to iron ions. Thus, the The tunnelling process requires exact matching of electronic levels (10 −7 eV), and as a result the process is very slow. The lattice vibrations broaden the electronic levels up to 0.05-0.1 eV and the charge transfer proceeds quite quickly. The lifetimes of oxidation states were calculated making use of Eq. (5) and they are listed in Table 2, while Table 3 [9] . Two chains are involved in the charge redistribution mechanism: "axial ligands -nitrogen ring" and "nitrogen ring -iron ion". Pure states of Fe 2+ and Fe 3+ are observed when τ > τ N , where τ N is the time resolution of 57 Fe Möss-bauer effect (10 −7 s). Since the principal redistribution phenomena occur in the chain "nitrogen ringiron ion", the amount of Fe 2+ drops with increasing the frequency of the electronic charge transfer, and that of the intermediate Fe 2.5+ state increases. In the exchange process, more Fe 2+ ions will release an electron to molecular orbitals with temperature, thus increasing the amount of quasistable Fe 3+ states. The number of Fe 3+ ions increases with temperature, and having reached the 310 K temperature it abruptly jumps up and makes up 80-90%. The population of the intermediate valence state reaches the maximal value at 220 K. Only 12% of Fe 2.5+ and 88% of Fe 3+ ions are responsible for the spectrum recorded at 340 K, and all this demonstrates a dynamic character of the phenomenon. After cooling down the same sample and recording the spectrum at room temperature, the percentage of ions is 26% of Fe 2+ , 20% of Fe 2.5+ , and 54% of Fe 3+ . The temperature dependence of the quadrupole splitting and isomeric shift is presented in Fig. 4 . It is known that the weakening of donating properties of σ-and π-bonds of axial ligands leads to the increased isomeric shift [16] . The quadrupole splitting increases by weakening the donating properties of σ-bonds of axial ligands or when the donor character of π-bonds increases. The linear relationship between δ and ∆Q for Fe 2+ has a negative slope and it shows the acceptor-like process between axial ligands and the central iron ions. The coupling constant in iron between the amount of s electrons and δ is negative, therefore, the δ value increases when the s electron density at the nucleus decreases. The charge density depends on the number of s electrons or on changes in screening by 3d electrons. The character of population of electronic orbitals affects not only δ values but ∆Q values as well.
Conclusions
In summary, 57 Fe isotope-enriched β-iron phthalocyanine has been synthesized and studied using the Mössbauer spectroscopic method. It has been found that there is no single stable oxidation number in iron. Iron oxidation numbers observed in Mössbauer spectra are instantaneous. The thermodynamic equilibrium in the charge distribution is attained by virtue of continuous charge redistribution in the Fe-N chain and within the macromolecule. The rate of charge redistribution is temperature-dependent. The correlation between the temperature behaviour of the isomeric shift and quadrupole splitting has been observed. At higher temperatures (T > 300 K), the quasistable Fe 3+ oxidation number is observed.
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Santrauka
Susintetintas
57 Fe izotopu praturtintas geležies ftalocianinas ir tirtas Mesbauerio spektroskopijos metodu 100-350 K temperatūros intervale. Buvo stebimos tarpinės Fe oksidacijos būsenos ir nustatyta, kad krūvio persiskirstymo sparta priklauso nuo temperatūros.
Parodytas sąryšis tarp izomerinio poslinkio temperatūrinės elgsenos ir kvadrupolinio suskilimo. Fe oksidacijos laipsnis siejamas su elektrono krūvio fliuktuacijomis bei ligandų gebėjimu priimti ir atiduoti elektronus.Įvertinti Fe oksidacijos būsenas skiriantys energijos barjerai.
